Experimental evidences of Raman amplification of ultrashort pulses in microcapillary plasmas are presented. The amplification of 100-500 fs pulses was investigated in microcapillaries with different lengths. The experimental data, together with simulation results, indicate that the resonance condition for Raman amplification in high-density plasma, n e ϳ1Ϫ3ϫ10 20 cm Ϫ3 , existed only in a very short plasma column. Such an assumption makes it possible to reconcile the experimental results and theoretical predictions. Investigations in very short microcapillaries ͑0.2-0.5 mm͒ with a broadband seed pulse further support this hypothesis and the amplification factor is in agreement with the linear growth rate.
I. INTRODUCTION
The Raman amplification is based on the three-wave interaction between two counterpropagating electromagnetic waves and a plasma wave, whose frequencies and wave vectors satisfy the energy and momentum conservation relations,
where 1 , 2 , p are the frequencies of the pumping pulse, seed pulse, and plasma wave, respectively, and k ជ 1 ,k ជ 2 ,k ជ p are the corresponding wave vectors. The idea of using Raman backscattering ͑RBS͒ as a means to amplify and compress laser pulses has been the object of study for considerable time ͓1-5͔. Early work on the compression of laser pulses in gases was reported in Ref. ͓3͔ , and recently, Raman compression from tens of nanoseconds to tens of picoseconds has been achieved in gas mixtures ͓5,6͔. The maximum power of laser pulses that can be compressed in gases is limited by ionization. The advantage of using plasma as the medium, as recognized by Capjack et al. ͓4͔ , is that there is no theoretical limit on the laser power since plasma can handle ultrahigh power without any ''damage'' to itself.
In order to amplify and compress laser pulses with a duration shorter than 1 ps, the bandwidth of the amplifying medium must be large enough to satisfy the Fourier relation. Early studies have recognized the difficulties of ultrashort pulse compression in plasmas because of the relatively narrow bandwidth of Raman amplification, which is the characteristic of the linear regime. In the linear regime, the intensities of the pump and the seed pulses are moderate and there is no significant pump depletion. The seed pulse grows exponentially with a growth rate, ␥ RBS , independent of the seed intensity ͓7͔,
where a 1 is the normalized vector potential of the pump; a 1 ϭ0.85ϫ10 Ϫ9 1 I 1 1/2 ͑the pump wavelength 1 is in micrometer and the intensity I 1 is in W/cm 2 ). Theoretical investigations have shown that in the linear regime, the original weak and short seed pulse is not only amplified but also broadened in time ͓8͔. Its front moves with the speed of light c, while its maximum moves at c/2, so that the amplified pulse quickly stretches to 2L p /c (L p is the plasma length͒ ͓9͔. Therefore, Raman amplification in the linear regime is not very suitable for ultrashort pulses.
Recently, new effects were identified in the nonlinear behavior of plasmas when interacting with ultraintense laser pulses ͓10-12͔. There are several mechanisms by which the pump power might be coupled into the counterpropagating seed pulse ͓13͔: Compton scattering ͓10͔, resonant backward Raman scattering ͓11͔, and coupling at an ionization front ͓12͔. The Compton scattering regime is also called the ''superradiant'' regime, where the electron bounce motion in the ponderomotive bucket dominates the collective oscillations of the plasma wave. The electrons behave like quasiindependent emitters and the laser pulse can be amplified through Compton scattering. This scheme requires the seed pulse to be shorter than p Ϫ1 . In the Raman scattering regime, where a density resonance is required, it has been shown by simulations that the pulse grows so fast that it can outrun the deleterious instabilities and pump depletion can quickly take place. The efficiency could be as high as 1 Ϫ p / 1 . In the case of ionization-front scattering, the pump propagates through a neutral gas in order to avoid collisionless instabilities, and plasma is created in the front. In this regime, it may be necessary to employ lower pumping intensities, for instance, 10 12 W/cm 2 , which would imply that the interaction length has to be much longer than in the first two regimes to achieve the desired high output power.
Our experiments were designed initially for the linear regime with a pumping power intensity of 1ϫ10 13 W/cm 2 . In this paper we present the results of Raman amplification in two configurations: ͑a͒ a 745-nm, 200-fs seed pulse amplified by a 5-ns, 532-nm pumping pulse in 1-3-mm-long LiF microcapillaries and ͑b͒ a broadband 500-fs pulse amplified by the same pump in copper microcapillaries (150-200 m in diameter and 200-500 m long͒. The former is a continuation of our previous work ͓14͔. The analysis of the experimental data, together with simulation results, suggests that the observed amplification in the initial experiment was obtained from a plasma with a length much shorter than the microcapillary length. The second experiment in much shorter microcapillaries was performed to verify this hypoth-esis and the results show that the amplification agrees well with the estimated linear growth rate.
II. EXPERIMENTAL RESULTS

A. Experiments with a 745-nm, 200-fs seed pulse
In Ref. ͓14͔ we have presented, to the best of our knowledge, the first experimental results on ultrashort pulse amplification in microcapillary plasma by a counterpropagating pumping pulse. However, some of the results were difficult to interpret: the transmission of the seed pulse through the high-density 3-mm-long plasma was much higher than expected; the increment of amplification as a function of the microcapillary length was significantly less than theoretically predicted; and finally we observed the decrease of the amplification with increasing energy of the seed pulse. We present here additional experimental results, as well as amplification measurements in very short microcapillaries in the following subsection, which were helpful in better understanding the process and obtaining better agreement with the theory.
The schematic of the experimental arrangement of Ref. Fig. 1 . The seed pulse was the output of a Ti:sapphire regenerative amplifier at ϭ745 nm with a full width at half maximum ͑FWHM͒ of ϳ4 nm and a pulse duration of ϳ200 fs. About 30 J or less ͑of 3 mJ available͒ were used in the experiments. The pumping pulse was provided by the second harmonic of a Nd:YAG laser at ϭ532 nm with 150 mJ in 5 ns. The seed pulse and the pumping pulse were both focused onto the center of the microcapillary by F/25 and F/8 lenses, respectively. The initial plasma was created inside 1-3 mm long, 250-m diameter LiF microcapillaries through wall ablation by a low power nanosecond KrF laser ͑50-60 mJ in 20 ns at ϭ248 nm). The amplified seed pulse, propagating in the opposite direction to the pumping pulse, was focused onto the entrance slit of a spectrometer and detected by a photomultiplier with a 2-ns time resolution.
͓14͔ is shown in
The three-wave interaction condition for the experimental parameters, 1 ϭ3.54ϫ10 15 rad/sec and 2 ϭ2.53 ϫ10 15 rad/sec, was satisfied by a plasma frequency p ϭ1.01ϫ10
15 rad/sec, corresponding to an electron density n e Ϸ3ϫ10 20 cm Ϫ3 . To create such a high-density plasma, we chose a LiF microcapillary with a small diameter, D cap ϭ250 m, in accordance to the estimated ablation rate of the wall ͓15͔. The best-matched plasma density was found by scanning the delay between the prepulse and the seed pulse from 20 ns to 200 ns. The relative timing between the subpicosecond seed pulse and the pumping pulse was also finely tuned, with an accuracy of ϳ0.7 ns, in order to find the optimum conditions.
The diameters of the focal spots of the pumping pulse and the seed pulse (20 m and 50 m, respectively͒ were much smaller than the diameter of the microcapillary. The seed pulse was aligned in such a way as to have no interaction with the wall, so there was no difference in the exit energy if the microcapillary was totally removed. The pumping intensity was Ӎ1ϫ10 13 W/cm 2 and a backscattered signal was not observed at the wavelength of the seed pulse when the seed pulse was not present. Typical signals from the photomultiplier are presented in Fig. 2 without ͑top͒ and with ͑bot-tom͒ a pumping beam. One can see that the amplitude of the signal is increased by a factor of ϳ5 when interacting with the pumping pulse in the plasma. We have defined V i as the signal amplitude without the pumping pulse ͑proportional to the total energy of the seed pulse͒ and V o as the amplitude with the pumping pulse ͑proportional to the total energy of the amplified pulse͒. The amplification, V o is shown in Fig. 3͑a͒ . The enhancement of the output signal was observed at delays between 20 ns to 120 ns. The maximum amplification (ϳ8) occurs at a short delay ͑20 ns͒, but with relatively large fluctuations. From 40 ns to 80 ns there is a plateau in the amplification (ϳ6) with relatively smaller spread. We performed most of the measurements at a delay of 60 ns since this was the most stable region. Figure 3͑b͒ shows the amplification versus the relative timing between the pumping and the seed pulses ͑negative relative timing, ''-'' corresponds to the seed preceding the pump͒. The optimum relative timing is defined as ''0.'' The amplification ''window'' was approximately 10 ns, in agreement with the duration of the pumping pulse ͑FWHM 5 ns͒. When the seed and the pump are off in timing (ϽϪ3 ns or Ͼ10 ns) the ratio V o /V i drops to below 1 due to the absorption by the plasma. This ''time window'' agreed well with simulation results with a 1D fluid code in the radial coordinate ͓15͔. The simulated time evolution of the plasma density with the pumping pulse fired at three different delays are presented in Fig. 4 , indicating that the appropriate density was produced only when the additional ionization was induced by the pumping pulse, and only at certain delays.
In order to study the bandwidth of the amplification the spectra of the seed pulse and the amplified pulse were measured ͑shown in Fig. 5 for L cap ϭ1.5 mm, a 60 ns delay and I 1 ϭ10 13 W/cm 2 ). Each data point is averaged over 20 shots. It can be seen that the spectral width of the amplified pulse is only slightly narrower than that of the seed pulse, but the difference is within the measurement error. The lack of spectral narrowing could be due to density gradients, since a 3% density variation can cover the observed bandwidth.
For the 532-nm pumping pulse focused to 10 13 W/cm 2 , the vector potential is a 1 ϭ0.0014, therefore the growth rate, calculated by Eq. ͑2͒, is ␥ RBS ϳ1.3ϫ10 12 s Ϫ1 . If there is no energy loss and the amplification occurs through the whole Rayleigh length of the pumping beam (Z R ϳ0.6 mm), for a low intensity seed pulse ͑no pump depletion linear regime͒ one would expect an amplification of exp(2␥ RBS Z R /c)ϳ180. However, given an estimated preplasma temperature T e FIG. 3. ͑a͒ Amplification vs the delay between the prepulse and the pumping pulse. ͑b͒ Amplification vs the relative timing between the pumping pulse and the seed pulse ͑negative relative timing, ''-'', corresponds to the seed preceding the pump͒ .   FIG. 4 . Simulated time evolution of the plasma density ͑averaged over the central area with a radius of 20 m) in the preplasma ͑a͒ and in the plasma heated by the pumping pulse at three delays ͓͑b͒, ͑c͒, ͑d͔͒. The laser parameters are the same as in the experiment and the LiF microcapillary dimensions are L cap ϭ3 mm, D cap ϭ250 m. ϳ20 eV and n e ϭ3ϫ10 20 cm Ϫ3 , the inverse Bremsstrahlung absorption length is ϳ100 m, i.e., the penetration distance of the pumping pulse into the plasma is only 100-200 m. The actual situation is more complicated since the plasma is heated and the plasma density is changed by the pumping pulse, as shown in the simulation results. In later density measurements it was found that the plasma does not fill the whole microcapillary at short delays, hence the microcapillary length is not the actual interaction length. In addition, ionization-induced defocusing, caused by additional ionization by the pumping pulse and the ensuing density profile ͑peaked at the center͒, can further limit the interaction length. If the effective interaction length is L e f f ϳ200 m, the amplification would be exp(2␥ RBS L ef f /c)ϳ6, which would be in good agreement with the observed amplification.
The short effective interaction length can also explain the decrease in the amplification with increasing seed pulse intensity ͓14͔. During the measurement of Raman amplification as a function of seed pulse intensity ͑at constant pumping intensity I 1 Ϸ10 13 W/cm 2 ) the amplification dropped as the intensity of the seed pulse (I 2 ) approached that of the pumping pulse (I 1 ). The explanation in view of the short L e f f could be as follows. The available pumping energy within the short interaction time ͑for L e f f ϭ0.2 mm the interaction time is e f f ϭ2L e f f /cϳ1.5 ps) of the total 150 mJ in 5 ns is only ϳ40 J. When I 2 ϷI 1 , the energy of the seed pulse is ϳ30 J, which is comparable to the available pumping energy. Even with total pump depletion one cannot expect the amplification to exceed a factor of 2. While taking into account absorption and no full depletion, there should be no visible amplification. Finally, the short length of the highdensity plasma can explain the high transmission of the seed pulse through the preplasma.
B. Experiment with a broadband seed in copper microcapillaries
The earlier experiments ͑Ref. ͓14͔ and Sec. II A͒ indicated that the amplification of 5-6 likely occurred in a short interaction length. In order to verify this hypothesis we conducted the experiment with much shorter microcapillaries. This allowed us to have a more precise knowledge of the interaction length. In this case the Rayleigh length of the pumping pulse (Z R Ӎ0.6 mm) was much longer than the microcapillary length (L cap ϭ0.2 mm), therefore diffraction and refraction effects were relatively insignificant. Furthermore, the development of an optical parametric oscillator ͑OPO, Ref. ͓16͔͒, which produces a wavelength-tunable seed pulse, provided us with more freedom for matching the density.
The experimental setup was the same as in Fig. 1 , except that the seed pulse was provided by the OPO, which was pumped by a 745-nm, 500-fs pulse and produced a very broadband output pulse in the visible region. The shortest wavelength that could pass through mirrors M 3 and M 4 was ϳ600 nm, which corresponds to a minimum matched density of n e ϭ5ϫ10
19 cm Ϫ3 with a 532 nm pump. The LiF microcapillaries were replaced by copper microcapillaries with lengths ranging from 200 m to 500 m and diameters from 100 m to 300 m ͑the usage of copper instead of LiF was due to technical difficulties in making LiF microcapillaries shorter than 1 mm͒. A charge-coupled device ͑CCD͒ camera was installed at the exit of the spectrometer to record the whole spectrum of the subpicosecond pulse in a single shot.
Since the spectrum intensity of the broadband seed pulse varies from shot to shot, a small portion of the seed pulse was split and focused into the spectrometer to provide a reference spectrum. Figure 6͑a͒ displays the reference spectrum ͑top͒ and the seed pulse spectrum after passing through the empty microcapillary ͑bottom͒. In order to overcome the spatial mismatch of the seed and the pumping pulses, as encountered in the earlier experiments ͓14͔, the microcapillary was imaged at the entrance slit of the spectrometer. The related geometry is shown in Fig. 6͑c͒ . The pumping pulse was focused onto the center of the microcapillary with a spot size of ϳ20 m ͑FWHM͒. The larger focal spot of the seed pulse ensured overlapping with the pumping pulse. The entrance slit of the spectrometer was 200 m wide, which corresponds to 30 m in the microcapillary front plane, covering the interaction area between the seed and the pump. With such an arrangement, the spectrum displayed by the CCD camera had a spectral resolution of ϳ0.6 nm and a spatial resolution of ϳ10 m in the vertical direction ͓marked as the y axis in Figs. 6͑b͒ and 6͑c͔͒ .
The prepulse, for creating the preplasma inside the microcapillary, and the pumping pulse were the same as in the previous setup, i.e., about 60 mJ at 248 nm in 20 ns and 150 mJ at 532 nm in 5 ns, respectively. The spectrally resolved amplification was calculated as S p ()/S 0 (), where S p () is the intensity of the amplified pulse spectrum and S 0 () is the intensity of the reference spectrum. Without the plasma the ratio S p /S 0 was approximately a flat curve ͓Fig. 7͑a͔͒. When the plasma was created in the microcapillary, the seed pulse spectrum remained almost the same, with slight spatial modifications, probably due to nonuniformities of the plasma density. When the pumping pulse was fired into the plasma, the seed pulse spectrum demonstrated a significant difference between the center, S p (,yϭ0), and the edge, S p (,y ϭ100 m), as shown in Fig. 6͑d͒ (L cap ϭ200 m,D cap ϭ150 m and the delay between the prepulse and the pumping pulse was 40 ns͒. The ratio S p /S 0 at the center has a distinguished peak at ϭ645-650 nm with a maximum of ϳ7, while the ratio at the edge of the plasma channel is much flatter and does not exceed 2 for most wavelengths.
The amplification ratios S p (, yϭ0 m)/S 0 () for several delays between the prepulse and the pumping pulse are shown in Fig. 7 for the same microcapillary. The horizontal coordinate has been converted from the wavelength to the corresponding plasma density, n e ϭm e p 2 /4eϭm e ( 1 Ϫ 2 ) 2 /4e. Each plot is an average of 2-3 shots. The first plot displays the ratio without the plasma. It is almost constant over the whole wavelength range, as expected. The other plots present the ratios at delays from 10 ns to 60 ns, showing a clear resonance peak at each delay. The corresponding densities of the resonance peaks are (1.2-1.3) ϫ10 20 cm Ϫ3 and do not vary significantly in the time range shown. The observed maximum amplification was 3-4. The intensity of the seed pulse was below 10 11 W/cm 2 , thus there was no significant pump depletion, i.e., we were in the linear regime in this experiment. The linear growth rate of Raman backscattering was calculated to be ␥ RBS Ϸ1.0ϫ10 12 s Ϫ1 for I 1 ϭ1ϫ10 13 W/cm 2 and n e ϭ1.3ϫ10 20 cm Ϫ3 . The amplification predicted by the linear theory for L cap ϭ200 m is then exp(2␥ RBS L cap /c)ϳ3.8, agreeing well with the experimental observation.
To verify the resonance density both spatial and temporal plasma density measurements were carried out ͓17͔. The results indicate that a density of Ͼ1ϫ10 20 cm Ϫ3 can be reached in the 200 m microcapillaries. We also conducted the experiment with longer microcapillaries (500 m), but it was found that due to the illumination geometry of the prepulse we could not fill the whole length with the proper plasma density.
III. CONCLUSION
In conclusion, we have shown Raman amplification of ultrashort laser pulses by a factor up to 8 in microcapillary plasmas. The analysis of the experimental data, together with simulation results, indicates that the length of the plasma with the matched density, n e ϭ3ϫ10 20 cm Ϫ3 , was much shorter than the microcapillary. We conclude that due to this FIG. 6 . ͑a͒ Reference spectrum ͑top, S 0 ) and the seed pulse spectrum ͑bottom, S p ). ͑b͒ Reference spectrum and the amplified pulse spectrum in a copper microcapillary with L cap ϭ200 m and D cap ϭ150 m at a delay of 40 ns. ͑c͒ Related geometry of the imaging at the entrance slit of the spectrometer. ͑d͒ Ratio of S p ()/S 0 () at the center area (y ϭ0) and at the edge (y ϭ100 m), both integrated over ⌬yϭ30 m, for the spectra shown in ͑b͒.
FIG. 7. The amplification ratio S p /S 0 vs the delay between the prepulse and the pumping pulse. Each plot is an average of 2-3 shots. The horizontal coordinate is converted from the wavelength to the corresponding plasma density.
short effective length the observed amplification in our initial experiment ͓14͔ was significantly less than the linear theory predicted, and the amplification dropped as the energy of the seed pulse increased since the available pumping energy within this narrow time window was very limited. Further investigations in 200-m-long microcapillaries support the conclusion of short interaction lengths and the results show an agreement between the observed amplification and the linear growth rate.
When progressing to longer interaction lengths, spatial effects, both transversal and longitudinal, must be dealt with. In order to eliminate effects such as ionization-induced defocusing, the preplasma should be fully ionized, or at least have the next level too high for the pumping pulse to ionize. This will involve the choice of the capillary material. If the interaction length exceeds the Rayleigh length, waveguiding of the laser pulses would be required. Laser-produced plasma in microcapillaries is not suitable from this point of view. Alternative plasma-creating methods, such as discharges and laser sparks, can be employed in Raman amplification experiments.
